Autoantibodies of the IgG class against N-methyl-D-aspartate-receptor subunit NR1 (NMDAR1) were first described in anti-NMDAR encephalitis and seen as disease indicators. Recent work on together over 5000 individuals challenged this exclusive view by showing age-dependently up to 420% NMDAR1-autoantibody seroprevalence with comparable immunoglobulin class and titer distribution across health and disease. The key question therefore is to understand the properties of these autoantibodies, also in healthy carriers, in order to assess secondary complications and possible contributions to neuropsychiatric disease. Here, we believe we provide for human NMDAR1-autoantibodies the first comprehensive analysis of their target epitopes and functionality. We selected sera of representative carriers, healthy or diagnosed with very diverse conditions, that is, schizophrenia, age-related disorders like hypertension and diabetes, or anti-NMDAR encephalitis. We show that all positive sera investigated, regardless of source (ill or healthy donor) and immunoglobulin class, provoked NMDAR1 internalization in human-induced pluripotent stem cellderived neurons and reduction of glutamate-evoked currents in NR1-1b/NR2A-expressing Xenopus oocytes. They displayed frequently polyclonal/polyspecific epitope recognition in the extracellular or intracellular NMDAR1 domains and some additionally in NR2A. We conclude that all circulating NMDAR1-autoantibodies have pathogenic potential regarding the whole spectrum of neuronal NMDAR-mediated effects upon access to the brain in situations of increased blood-brain-barrier permeability.
INTRODUCTION
Circulating autoantibodies (AB) directed against brain epitopes have long been documented, mainly in connection with classical autoimmune diseases or paraneoplastic syndromes. [1] [2] [3] [4] AB targeting the N-methyl-D-aspartate-receptor subunit NR1 (NMDAR1; new nomenclature GluN1 disregarded here for consistency with the respective literature, except in the molecular biological section) have attracted considerable attention lately. NMDAR1-AB of the IgG class were first described in connection with a condition named anti-NMDAR encephalitis 5 and induced a flood of publications, among them many case reports. In several of them, immunosuppressive treatment of seropositive subjects is recommended. [6] [7] [8] Anti-NMDAR encephalitis symptoms typically include psychosis, cognitive decline, seizures, dyskinesia, decreased consciousness and autonomic instability. 5 These symptoms are reminiscent of those found upon NMDAR antagonism by ketamine, MK801, or related drugs, and have been explained by reduced surface expression of NMDAR1 upon exposure to NMDAR1-AB. 5 Rendering the situation more complex, a high age-dependent seroprevalence of NMDAR1-AB has been recognized recently. [9] [10] [11] [12] [13] [14] According to these findings in meanwhile 45000 subjects, any 40-year-old person has an~10%, any 80-year-old person an~20% chance of displaying NMDAR1-AB seropositivity. 11 Disease groups, ranging from schizophrenia and major depression, over multiple sclerosis, Parkinson's and Alzheimer's disease, to hypertension, diabetes and stroke, as well as healthy individuals, share not only similar NMDAR1-AB seroprevalence but also immunoglobulin (Ig) class distribution (IgM, IgA and IgG) and titer range. [9] [10] [11] 13 These unexpected results raised the question of functionality and relevance of the highly seroprevalent NMDAR1-AB. In translational mouse studies, similar effects of the different classes (IgG, IgM and IgA) of NMDAR1-AB on behavioral readouts were observed. 9 Likewise, in a human study, an equivalent impact of circulating NMDAR1-AB of all three isotypes on evolution of lesion size after ischemic stroke was noticed. 11 Detectable neuropsychiatric consequences of circulating NMDAR1-AB of all three classes were restricted to individuals with compromised blood-brain-barrier, for example, ApoE/APOE carrier status, both clinically and experimentally. 9, 11, 15 In studies using rodent hippocampal neurons, we found NMDAR1 internalization upon NMDAR1-AB (IgM, IgA, IgG) binding as explanation of its reduced surface expression. 9, 15 A comparable finding had previously been described only for IgG.
Considering the high seroprevalence of NMDAR1-AB across health and disease, the key question is to understand the properties of these AB, also in healthy carriers, in order to assess secondary complications and possible contributions to neuropsychiatric disease, for example, cognitive decline, psychotic symptoms or epileptic seizures. Are they like a 'ticking time bomb' once the blood barrier opens?
Here, we believe we provide for human NMDAR1-AB the first comprehensive analysis of their target epitopes and of functionality. We investigated whether NMDAR1-AB of different Ig classes, derived from sera of subjects with very diverse conditions, would (i) reveal functionality in an internalization assay using human induced pluripotent stem cell (IPSC)-derived cortical neurons; (ii) lead to electrophysiological consequences in NR1-1b/NR2A-expressing Xenopus oocytes; and (iii) be directed against the same or against different epitopes of NMDAR1.
We report as most important take-home message that, independent of any medical condition or Ig class, NMDAR1-AB are functional, leading to decreased NMDAR surface expression and reduced glutamate-evoked currents. The AB recognize epitopes in the extracellular and/or intracellular NMDAR1 domains and, surprisingly, some positive sera also in the NR2A subunit of NMDAR. Thus, most intriguingly, they all have potentially (patho) physiological relevance regarding brain functions.
MATERIALS AND METHODS
All experiments were performed by researchers unaware of group assignment ('fully blinded').
Human samples
Serum specimens (N = 29) from our phenotyping/biomarker trials 8, 10, 11, 17 were selected to (i) cover a spectrum of diseases and health, (ii) include all NMDAR1-AB Ig classes and (iii) build on enough material for extensive testing (Table 1 ). In addition, samples (N = 7; few μl available) for targeted epitope mapping were obtained from anti-NMDAR encephalitis patients (Charité, HP). Subject data/human materials (including IPSC) were collected according to ethical guidelines/Helsinki Declaration including subjects' informed consent.
NMDAR1-AB titer determination
Recombinant immunofluorescence tests (Euroimmun, Lübeck, Germany), clinical standard procedures, were used to detect NMDAR1-AB, based on HEK293T cells transfected with NMDAR1, 5, 6 and secondary AB against human IgG, IgM or IgA. Results were independently assessed by three investigators.
Dialysis of serum samples
Functional studies were conducted with sera following ammonium sulfate precipitation of immunoglobulins 18 and dialysis (Slide-A-Lyzer MiniDialysis-Units, 10 000 MWCO Plus Float, Thermo Fisher Scientific, Rockford, IL, USA).
Reprogramming of human fibroblasts and differentiation into neurons
Human fibroblasts from gingiva biopsies were reprogrammed using STEMCCA system (Merck Millipore, Darmstadt, Germany) for introduction of OCT4, SOX2, KLF4 and c-MYC. 19 Clones were tested for pluripotency markers following standard procedures. 19 After reprogramming, IPSC was adapted to feeder-free culture system (Matrigel matrix, Corning, Wiesbaden, Germany) and TeSR™-E8™ medium (Stem Cell Technologies, Cologne, Germany). Neural induction was based on dual SMAD inhibition (Figure 1a ). 20 
Endocytosis assay
Human IPSC-derived cortical neurons grown on coverslips, 70 days post neural induction, were pre-cooled on ice (10 min), and washed 3 × with cold HBSS (Hank's balanced salt solution; Life Technologies, Darmstadt, Germany). Culture media were kept at 37 or 4°C. Neurons were incubated (30 min) in cold HBSS with 1:100 diluted sera (14 seropositive; 6 seronegative), control NMDAR1-AB (M68, mouse IgG, SYSY, Göttingen, Germany) or HBSS alone (negative control). After three HBSS washes to remove unbound AB, neurons were returned to their media and incubated for 20 min at 37°C (2 coverslips/sample, to allow endocytosis) or 4°C (1 coverslip/sample, endocytosis control). After ice-cold HBSS wash, coverslips were kept on ice (5 min). Remaining surface NMDAR1 was exposed to a mouse NMDAR1-AB (N-terminal; Abcam, Cambridge, UK, 1:100), 10 min on ice, followed (after ice-cold HBSS wash) by secondary donkey anti-mouse IgG (Life Technologies, Alexa-Fluor546, 1:100) for 10 min on ice in dark, and finally three ice-cold HBSS washes to remove unbound AB. Neurons were fixed with ice-cold 4% paraformaldehyde (30 min) and washed 3 × (5 min) with 0.1 M phosphate-buffered saline (PBS). Then, cells were blocked and permeabilized for 1 h at RT (5% normal goat, 5% normal horse, 5% fetal calf serum, 0.5% Triton X in PBS), doublestained at 4°C overnight with chicken anti-NeuN-AB (SYSY, 1:500) and secondary donkey anti-chicken AB (Life Technologies, Alexa Fluor 488, 1:250) for 1 h at RT (all dark) (Figure 1b ). Nuclei were visualized using DAPI (Sigma-Aldrich, Munich, Germany, 0.01 μg ml − 1 ). After PBS wash, e Note that of the total sample N = 4 individuals were seropositive for both IgA and IgM.
NMDAR1-autoantibody epitopes and functionality E Castillo-Gómez et al coverslips were mounted on Super-Frost slides with Mowiol-mountingmedia (Sigma-Aldrich). Confocal laser-scanning microscopy was used to quantify cell-surface NMDAR1 density (×63 glycerol objective; TCS-SP5 Leica-Microsystems, Mannheim, Germany). From each coverslip, Z-series of optical sections (0.5 μm apart) covering the three-dimensional extension of neurons were acquired (sequential scanning mode, identical acquisition parameters). For analysis, 50 NeuN+ cells/coverslip were randomly selected using FIJI-ImageJ software. 21 Soma profile including NMDAR1 surface expression was drawn and fluorescence intensity/cell surface area (Alexa-Fluor546) automatically measured. Background was subtracted, mean intensity for each coverslip determined and fluorescence intensity ratio (37 ºC/4 ºC) calculated. Technologies) . Automatic injection of mRNAs encoding for human NMDAR (NR1-1/NR2A) was performed in batches of 95 oocytes using Roboinject 22 (Multi Channel Systems, Reutlingen, Germany) (Figure 2a ). Optimal expression of NMDAR was obtained with injection of 15 nl containing 0.2 μg μl − 1 of RNAs, ratio NR1-1b:NR2A = 1:1; mRNA was prepared using mMessage mMachine SP6 transcription kit for NR1-1b and T7 for NR2A (Thermo Fisher Scientific).
Electrophysiological recordings and experimental protocol NMDAR activity was validated 60 h after mRNA injection by 2-electrode voltage clamp (Figure 2a ). All electrophysiological recordings were performed using an automated HiClamp system (Multi Channel Systems) at 18°C and with cells superfused with OR2 medium (mM: NaCl 88, KCl 2.5, HEPES 5, CaCl 2 .2H 2 O 1.8, pH 7.85). To chelate zinc contaminant, 10 μM EDTA was added to all solutions. Unless otherwise indicated, cells were maintained at holding potential of − 80 mV and compounds/AB incubations conducted in 96-well-microtiter plates (Thermo Fisher Scientific). Only cells displaying low leak current and responses 40.5 μA to a test pulse containing 0.3 μM glutamate/10 μM glycine (Sigma-Aldrich) were retained for successive testing (Figures 2a and b ). Cells were then challenged with pre-incubation of 120 s in control medium (OR2 medium) followed by brief exposures to 0.3 μM glutamate/10 μM glycine (10 s Epitope mapping using NMDAR1 constructs NMDAR1 constructs were generated based on the longest splice variant, GluN1-1b (GenBank accession #U08263; Figures 3a and b) . All cDNAs (including GluN2A: #AF001423; GluN2B: #U11419) were cloned into pcDNA4/TO/myc-HisA (Invitrogen, Carlsbad, CA, USA) such that the encoded receptor had a myc-His-tag connected to its C-terminus by a short peptide linker (SRGPF). Chimeras and mutants for epitope analysis were constructed by overlap-extension-PCR using chimeric or mutagenic primers. 23, 24 To transiently express glutamate receptor subunits, HEK293T cells were cultured in high-glucose DMEM (Life Technologies). On a 35-mm dish, 50 000 cells were plated, grown for 3 days, transfected with receptor cDNA (3 μg) using Metafectene-Pro (Biontex, Munich, Germany) and, 24 h after transfection, seeded onto poly-D-lysine-coated coverslips (Sigma-Aldrich). At 2 days after transfection, cells were fixed with 5% paraformaldehyde (20 
Statistics
All statistical analyses were performed using SPSS for Windows version 17.0 (IBM-Deutschland, Munich, Germany). Group differences in categorical and continuous variables were assessed using Chi-square and MannWhitney U-test. One-way or repeated-measures ANOVA, followed by multiple pair-wise comparisons with Bonferroni's post hoc correction, was employed to determine the significance of fluorescence intensity or AUC; P-values o0.05 were considered as significant; data in figures are mean ± s.e.m.
RESULTS
In human IPSC-derived cortical neurons, exposure to all NMDAR1-AB-positive sera tested, independent of Ig class and titer, led to receptor endocytosis, reflected by decreased cell-surface fluorescence intensity ratio 37°C/4°C (perikaryal labeling). Negative sera had no effect (unpaired Student's t-test: t 16 = 11.16; P o0.001; seronegative samples: n = 6, neurons n = 900; seropositive samples: n = 14, neurons n = 2100) (Figure 1c) . Analyzing the impact of Ig classes separately, significant results remained for all (one-way ANOVA: F 6,17 = 70.59; Po0.001 with Bonferroni post hoc Reprogramming strategy: Human fibroblasts obtained from gingiva biopsies were transduced using a lentiviral system to simultaneously integrate the transcription factors OCT4, KLF4, SOX2 and c-MYC. Transcription factor expression leads to cell reprogramming and colony formation of IPSC, which are differentiated into cortical neurons using a dual SMAD inhibition strategy (selective blocking of TGF-β and BMP pathways). Cells acquire neuronal identity forming a neural stem cell monolayer. Dissociation of the neuroepithelial sheath leads to rearrangement of neural stem cells (SOX2+) in a rosette-like structure, further expanded by application of the mitogen FGF2. Immature neurons (DCX+) emerge from these structures during the neurogenesis period to give rise mainly to MAP2+ cortical excitatory neurons. (b) At day 70 of maturation, neurons are exposed to human sera. NMDAR1-AB binding to NMDAR1 (at 4°C) leads to rapid endocytosis of the receptor-antibody complex at 37°C. The remaining cell-surface NMDAR1 is detected by combining mouse anti-NMDAR1-AB (step 1) and secondary donkey anti-mouse Alexa 546-AB (step 2). Neurons are defined as NeuN+ cells. (c) Representative confocal images of neurons exposed to an IgG seropositive sample are shown on the left. Both pictures are Z-projections of three consecutive focal planes 0.5 μm apart, taken at × 100 magnification under confocal laser-scanning microscope. The upper picture depicts a neuron (NeuN+, labeled in green), kept at 4°C (no endocytosis allowed-control condition) and the lower picture a neuron at 37°C (endocytosis). For each serum sample, cell membrane NMDAR1 (labeled in red; arrow heads) is quantified. Degree of internalization is expressed as ratio of fluorescence intensity measured at both temperatures. Seropositive samples show reduced fluorescence intensity ratio (37°C/4°C) compared with seronegative samples (graph on the left; unpaired Student's t-test: t 16 = 11.16; P o0.001), consistent with a decrease in surface NMDAR1 after exposure to NMDAR1-AB. Right graph: Fluorescence intensity ratio is lower for all seropositive samples (separate analyses shown for samples with only IgG, IgM, IgA or IgM+IgA, in purple, orange, green and yellow columns, respectively) and the positive control (IgG M68-AB). One-way ANOVA: F 6,17 = 70.59; P o0.001; multiple comparisons with Bonferroni's post hoc correction, P-valueo0.05; results given as mean ± s.e.m. BMP, bone morphogenic pathway; c-MYC, avian myelocytomatosis virus oncogene cellular homolog; DAPI, 4',6-diamidino-2-phenylindole; DCX, doublecortin; FGF2, fibroblast growth factor 2; KLF4, Krüppel-like factor 4; MAP2, microtubule-associated protein 2; NMDAR1, N-methyl-Daspartate-receptor subunit NR1; NeuN, neuronal nuclear antigen; OCT4, octamer-binding transcription factor 4; SOX2, sex determining region Y-homeobox 2; STEMCCA, stem cell cassette; TGF-β, transforming growth factor-β. To investigate the impact of NMDAR1-AB on activity, glutamateevoked responses were evaluated in Xenopus laevis oocytes coexpressing human NR1-1/NR2A subunits. Only 6 min after exposure of oocytes to human sera, the AUC of the glutamateevoked response was significantly lower in seropositive compared with seronegative samples. This effect was sustained for at least 16 min (Figure 2c ; one-way repeated-measures ANOVA: time × group interaction: F 7,189 = 7.431, P o 10 − 6 ; Bonferroni post hoc correction for multiple comparison: only P-values o 0.05 are shown). Evaluating Ig classes separately, the significant global effect remained (one-way repeated-measures ANOVA: time × group interaction: F 35,168 = 1.98; P = 0.002; Figure 2c , left lower graph).
Epitope mapping using seven different NMDAR1 constructs (Figures 3a and b) revealed recognition by the NMDAR1-ABpositive sera of different epitopes, located in the extracellular ligand-binding domain and N-terminal domain (NTD) as well as the intracellular C-terminal domain (CTD) and extra-large pore domain (xlp). NMDAR1-AB seropositivity was polyclonal/polyspecific in 7/14 sera and likely mono-or oligoclonal/oligospecific (mainly IgG) in 7/14. Whereas no GluN2B-AB (0/14) was found, GluN2A-AB (9/14) was frequently detected in the NMDAR1-ABpositive sera (Figure 4) . Separate exploratory analyses of GluN2A-AB carrier versus non-carrier sera regarding internalization assay and electrophysiology results did not reveal differences. Overall, no particular disease-related pattern appeared.
The G7 site of the NTD, an epitope believed to be crucial for NMDAR1-AB found in encephalitis, 25 was recognized in 2/10 sera binding to NTD (Figure 4 , negativity for construct 2). Since these sera were from two anti-NMDAR encephalitis cases reported previously (without epitope mapping), 8 we tested another seven sera from anti-NMDAR encephalitis patients specifically for this epitope. All seven sera had NMDAR1-AB of two Ig classes. Epitope location in NTD was seen in 5/7 sera for IgG, with 4/7 recognizing G7. IgM and IgA recognized other epitopes, as did IgG in 2/7 sera (not further determined due to lack of material) (Figure 3c ).
DISCUSSION
The present paper systematically analyzed for the first time NMDAR1-AB of three Ig classes (IgM, IgG and IgA), derived from randomly selected individuals of different age, gender and medical condition, regarding in vitro functionality and epitope location. All NMDAR1-AB-positive sera tested led to NMDAR1 internalization in IPSC-derived human cortical neurons and to reduced glutamate-evoked response in NR1-1b/NR2A-expressing oocytes. Several different epitopes were identified, located in the extracellular part of NMDAR1 (NTD, ligand-binding domain) or intracellular, CTD and in the xlp, which were recognized by NMDAR1-AB of the IgG, IgA and IgM class. Importantly, there was no consistent functional or epitope pattern detectable regarding Ig class or health/disease state.
In light of the comparable functionality of all NMDAR1-AB tested here, the high seroprevalence (up to 420%) of NMDAR1-AB is even more puzzling and may indicate a previously unknown dimension of 'physiological autoimmunity' that increases with age. [9] [10] [11] [12] [13] But what are the inducers of such abundant formation of NMDAR1-AB that potentially influence brain function? So far, associations were found with certain forms of cancer, mainly ovarian teratoma, 5 influenza A and B, 9-13 as well as with a genome-wide significant marker on chromosome 1, rs524991, 9 close to NFIA, a transcription factor mediating neuroprotective effects of NMDAR. 26 There are certainly more hitherto unknown predisposing factors for carrying these AB. Broader significance of NMDAR1-AB is underscored by their presence in mammalians other than humans. 27 This is less surprising in view of the substantial seroprevalence also of other brain-directed AB in species like rabbits, pigs and cows. 28 While irrespective of the epitope, all 14 NMDAR1-AB-positive sera investigated here (IgM, IgG, IgA) revealed similar AB functionality (internalization, electrophysiology), the AB-inducing factors may have determined the epitopes via mechanisms like molecular mimicry. 29, 30 Published work on NMDAR1-AB epitopes is scarce 25, 31, 32 and focused on IgG recognizing NTD and the NTD-G7 domain (N 368 /G 369 ), probably because this region and Ig class was first deemed pathognomonic for anti-NMDAR-encephalitis. 5, 25 Indeed, the sera investigated here of two young females with diagnosed anti-NMDAR-encephalitis, originally reported within a series of schizophrenia cases, 8 also recognized this epitope, however, without sticking out functionally (that is, regarding internalization or electrophysiology). Therefore, we analyzed sera of seven additional young female patients, diagnosed with anti-NMDAR encephalitis (4/7 with ovarian teratoma), in an NTD-G7-targeted epitope screen. Interestingly, all 7 subjects carried NMDAR1-AB of 2 Ig classes, but only IgG recognized NTD or NTD-G7 in 5/7 sera. Similarly, in a recent study on young females with neuropsychiatric manifestation of systemic lupus erythematosus, two epitopes in the NTD (outside G7) were recognized by NMDAR1-AB (only IgG tested). Regrettably, NTD was the only mapped region, functionality was not evaluated, and instead of a cell-based assay, the accepted gold standard, an ELISA was used. 32 Together, these data suggest that factors predisposing young women to neuropsychiatric manifestations of NMDAR-associated autoimmunity are connected with NTD or NTD-G7 epitopes. The accentuated role of IgG in this context is still a matter of speculation but may be related to inflammation-induced classswitch in the brain. 33 Regarding NMDAR1-AB of the IgA class, a single study, mapping epitopes of two female patients, found in one of them evidence of NTD/G7 as a target epitope (likely among other epitopes). 31 Interestingly, the significance of AB for brain manifestation of lupus erythematosus seems still debatable. In a recent study, lack of B cells and autoantibodies in a murine model of systemic lupus did not prevent the development of key features of neuropsychiatric lupus. 34 To conclude, all naturally occurring serum NMDAR1-AB obviously have pathogenic potential. For still unexplored reasons, they are highly frequent and their prevalence increases with age. NMDAR-AB seropositivity alone definitely does not justify immunosuppressive treatment. Syndromal relevance of serum NMDAR1-AB depends on accessibility to the brain, that is, blood-brain-barrier permeability. 9, 11, 13, 15 This permeability might differ regionally, thereby explaining individually variable symptomatic consequences. 2 Moreover, inflammation in the brain likely has a crucial role in determining syndrome acuteness and severity as contributed by circulating NMDAR1-AB and respective plasma cells, including boost in AB titers (upon epitope recognition) and class-switch to IgG. 33 Especially in individuals where an overt encephalitis diagnosis is unlikely, determination of blood-brain-barrier disruption, for example, by a novel magnetic resonance imaging method, 35 may prove helpful for estimating necessity and benefit of immunosuppressive therapeutic interventions.
